In this study, we explored the diversity of yeasts and lactic acid bacteria (LAB) associated with six spontaneous sourdough fermentations from the northern part of the Apulian region (Italy). Bacterial and yeast isolates from sourdough were investigated by amplified ribosomal DNA restriction analysis (ARDRA) and restriction fragment length polymorphism (RFLP) analysis, respectively. The identification of the isolates was confirmed by sequencing bacterial 16S gene and yeast ITS1-5.8S-ITS2 rRNA gene amplicons. Microbiological analysis of all sourdough samples revealed that LAB and yeast counts ranged between 1.7 × 10⁵ and 6.5 × 10⁸ cfu/g, and 7.7 × 10⁵ and 2.5 × 10⁷ cfu/g, respectively. The molecular identification at species level revealed the occurrence of Lactobacillus plantarum as the dominant LAB and Saccharomyces cerevisiae as the dominant yeast species in all different sourdough samples. Then, the ability of all isolated strains to inhibit and/or reduce the growth of several selected fungi was valued through the overlay method. In light of their antifungal performances, ten LAB strains were inoculated, singularly and in combination, in subsequent bread-making trials. Overall, we confirmed the potential of LAB to extend the shelf life of bread through spoilage inhibition and, for the first time, we observed a synergistic effect due to the combination of several isolated LAB on the inhibition behavior against selected fungal spoilage strains. Our findings suggest the exploration of a LAB-based approach in order to extend the shelf life of bread, reducing, at the same time, the use of chemical agents for food preservation.
Introduction
The manufacturing of several food products is founded on starter culture inoculation. Starter cultures can be defined as microbial preparations of selected microorganisms elected to be added to the raw material in order to accelerate and steer the fermentation process [1] . Thus, on the one hand, today the food industry benefits from the numerous signs of progress made in the selection of new and increasingly active microbial starters to drive and standardize the manufacture of fermented foodstuffs, yet on the other hand we should not forget that there are some foods in which this process of microbial selection occurs naturally and gradually, leading to natural starters being independently selected over time. For example, this is the case of sourdough that is the combination of flour, water, autochthonous homofermentative and heterofermentative lactic acid bacteria (LAB), and yeasts [2] .
In numerous world areas, traditional sourdoughs are passed down from generation to generation through the storage of small aliquots of bread dough that are refreshed and utilized for
Materials and Methods

Sourdough Sampling, Microbial Analysis, Screening and Isolation of LAB and Yeasts
Six sourdough samples (Table 1) were collected from six different bakeries located in the Apulian territory. For all selected sourdoughs, the bakeries claimed the presence of spontaneous fermentation with a continuous back-slopping over more than 10 years. E Ortanova F Three samples of 10 g of each sourdough were homogenized in a sterile stomacher bag containing 90 mL of sterilized saline solution (8.5 g/L NaCl) using a stomacher (BagMixer, Interscience, Saint-Nom-la-Bretèche, France) for 2 min at 260 rpm (revolutions per minute). Subsequentially, tenfold serial dilutions were carried out in order to count bacterial and yeast populations using MRS (Sigma-Aldrich, St. Louis, MO, USA) plates with cycloheximide (100 mg/L) added and Wallerstein Laboratory (WL)Nutrient (Sigma-Aldrich, St. Louis, MO, USA) plates with chloramphenicol (100 mg/L) added, respectively.
For bacteria, plates were incubated either at 37 °C for 24-48 h in aerobic conditions or at 37 °C for 7 days in anaerobic conditions in order to achieve both the growth of aerobic and anaerobic bacteria. For yeasts, the incubation of the plates was performed at 37 °C for 24-48 h.
After incubation, the colonies forming unit per g (cfu/g) were counted, and bacterial and yeast colonies (77 and 58, respectively) were randomly chosen and isolated based on phenotypic diversity. Bacterial and yeast colonies were purified by streaking four times onto the same medium used for the isolation. Each purified strain was grown, identified by alphanumeric code ( Table 2 ) and stored at −80 °C in a broth medium supplemented with 25% w/v glycerol. Table 2 . Alphanumeric code of bacterial isolates screened in this work. Monte Sant'Angelo  A01  A14  Trani 01  C01  C06  A02  A15  C02  C07  A03  A16  C03  C08  A04  A17  C04  C09  A05  A18  C05  A06  A19  A07  A20  Trani 02  D01  D07  A08  A21  D02  D08  A09  A22  D03  D09  A10  A23  D04  D10  A11  A24  D05  D11  A12  A25  D06  D12  A13  Trani 03  E01  E04  Orsara di Puglia  B01  B09  E02  E05  B02  B10  E03  E06  B03  B11  B04  B12  Ortanova  F01  F06  B05  B13  F02  F07  B06  B14  F03  F08  B07  B15  F04  F09  B08 B16 F05
Sourdough Source Bacterial Isolates Code
Sourdough Source
Bacterial Isolates Code
Molecular Identification of LAB and Yeast Isolates
Microbial DNA from each purified strain of bacteria and yeast was extracted and purified using the UltraClean Microbial DNA Isolation Kit (MO BIO Laboratories, Solana Beach, CA, USA) according to the manufacturer's protocols. LAB strains were clustered by amplified ribosomal DNA restriction analysis (ARDRA) and yeast strains by ITS (internal transcribed spacer) region amplification and restriction fragment length polymorphism (RFLP) analysis [16] .
Each amplification reaction was carried out in a final volume of 50 μL using Taq PCR Core Kit (Qiagen, Hilden, Germany). The bacterial 16S rRNA gene was amplified using BSF8 (5'-AGAGTTTGATCCTGGCTCAG-3') and BSR1541 (5'AAGGAGGTGATCCAGCCGCA-3') primers [17, 18] . For yeasts, the primers SC1 (5'-AACGGTGAGAGATTTCTGTGC-3'), SC2 (5'-AGCTGGCAGTATTCCCACAG-3') were first used in order to distinguish Saccharomyces cerevisiae from the other yeasts. The PCR conditions used were: 94 °C initial denaturation for 5 min; 30 amplification cycles of 30 s at 94 °C, 1 min at 50 °C annealing temperature, 1 min at 72 °C; final extension at 72 °C for 7 min. The presence of amplicons was confirmed by electrophoresis in 1.0% w/v agarose gel stained with ethidium bromide (0.5 μg/mL) [19] . Subsequently, for all yeast strains not individuated as S. cerevisiae and for five strains presumably designated as S. cerevisiae (thanks to the aforementioned PCR analysis) the ITS regions were amplified using ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) primers [20] , using the following PCR conditions: 95 °C initial denaturation for 5 min; 35 amplification cycles of 30 s at 94 °C, 30 s at 55 °C annealing temperature, 45 s at 72 °C; final extension at 72 °C for 10 min. The presence of amplicons was confirmed by electrophoresis in 1.0% w/v agarose gel stained with ethidium bromide (0.5 μg/mL). LAB 16S rRNA gene amplicons were digested at 37 °C with the fast-restriction endonucleases AluI, HinfI, and HaeIII (Thermo Scientific, Rochford, IL), while yeast ITS amplicons were digested with HaeIII and HinfI enzymes. The restriction fragments were separated (at 50 V for 2 h) on 1.5% w/v agarose gels stained with ethidium bromide (0.5 μg/mL) in Tris-Borate-EDTA buffer (Sigma-Aldrich). All restriction profiles were digitally processed and analyzed with BioNumerics software version 7.5 (Applied Maths, St-Martens-Latem, Belgium). ARDRA and ITS-RFLP profiles from all digestions were combined, respectively for LAB and yeasts, and clustered (Ward's method).
The identification of the isolates was confirmed by sequencing LAB 16S and yeast ITS1-5.8S-ITS2 rRNA gene amplicons (Humanizing Genomics Magrogen, Amsterdam, NL). The sequencing profiles were analyzed using BLAST software by NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
In Vitro Antifungal Activity
The ability of all isolated strains to inhibit and/or reduce the growth of target fungi was evaluated through the overlay method according to [21] . Briefly, 10 μL of the isolated cultures at the middle exponential phase (OD600nm = 1.0) were spotted on MRS agar plates. After 24 h of incubation at 30 °C, the plates were overlaid with 15 mL of soft malt extract agar (0.75% agar) supplemented with 100 μL of malt extract broth containing approximately 1 × 10 6 spores/mL of each mold (OD600 = 0.5). After 5 days of incubation at 25 °C, antifungal activity was valued based on the halo of inhibition surrounding the spots and was classified as strains of no (+/-), mild (+), or strong (++) inhibition showing inhibition zones lower than 1 mm, ranging from 1-3 mm, or more than 3 mm, respectively [21] .
The target fungi, in order to test the antifungal activity, were Aspergillus flavus CECT 20802, Aspergillus niger CECT 2805, Penicillium expansum CECT 2278, Penicillium roqueforti CECT 20508, Fusarium culmorum CECT 2148, provided by the Spanish Type Culture Collection (CECT, Paterna, Spain). These fungi were chosen because they are the most frequent food contaminating species.
Sourdough Preparation, Bread Making and Antifungal Activity on Bread
For the preparation of the sourdoughs, 400 g of flour and various amounts of microbial biomass were mixed with 200 mL tap water, according to [22] . The doughs were mixed for 5-10 min and, then, sourdough fermentation was carried out at 37 °C for 16 h. The microorganisms inoculated into the dough were a strain of S. cerevisiae (1 × 10 8 cf/mL) and 10 strains of LAB chosen on the basis of their antifungal capability (1 × 10 6 cfu/mL) (see the previous paragraph). One dough was inoculated only with yeast strain, while 10 doughs were fermented by the mix of S. cerevisiae/bacterial strain (Table 3 ). Moreover, 9 doughs were added with combinations of a single strain of S. cerevisiae with an increasing number of LAB strains, as shown in Table 4 . The obtained sourdoughs were used to produce bread by mixing 400 g flour, 200 g sourdough (50% w/w on flour basis), 6 g salt (1.5% w/w on flour basis) and 200 mL tap water, and kneading the doughs for 5 min. The fermentative process was carried out at 37 °C for 4 h and baking was carried out at 200 °C for 10 min and, then, 210 °C for 30 min. The obtained loaves of bread were opportunely contaminated by saline solution (8.5 g/L NaCl) containing approximately 1 × 10 5 spores/mL of each aforementioned mold (OD600 = 0.5). Bread products were packed in polyethylene bags to maintain constant moisture and incubated at room temperature [23] . The effects of microbial biodiversity on the fungal growth were evaluated by visually monitoring over time (7, 14, 21 , and 28 days) the fungal growth and development. All experiments were carried out three times.
Table 3. Dual combinations of the Saccharomyces cerevisiae strain and lactic acid bacteria (LAB)
isolates for the sourdough preparation.
Dual Combination Identification Codex Dual Combination (LAB Isolate + S. cerevisiae)
S. cerevisiae (control, without LAB isolate) Table 4 . Increased biodiversity combination of the S. cerevisiae strain and LAB isolates for the sourdough preparation.
Increased Biodiversity Combination Identification Codex
Increased Biodiversity Combination
Results and Discussion
The Biodiversity of Bacterial and Yeast Isolates from Different Apulian Sourdoughs
Six Italian sourdoughs collected from different localities, i.e., Monte Sant'Angelo (sourdough identified in this work by the letter A), Orsara di Puglia (sourdough identified in this work by the letter B), Trani (sourdoughs identified in this work by the letters C, D, and E), and Ortanova (sourdough identified in this work by the letter F) ( Table 1) , placed in the northern part of Apulia (southern Italian region), were collected and analyzed. Microbiological analysis of all sourdough samples revealed LAB and yeast counts in the range between 1.7 × 10⁵ and 6.5 × 10⁸ cfu/g, and 7.7 × 10⁵ and 2.5 × 10⁷ cfu/g, respectively ( Figure 1 ). Generally, the sourdough microbial ratio LAB:yeasts was 100:1 [9] and for some of the analyzed samples, i.e., B (Orsara di Puglia), D (Trani 02), E (Trani 03) and F (Ortanova), we found this kind of proportion. Intriguingly, for two sourdough samples, i.e., A (Monte Sant'Angelo) and C (Trani 01), the ratio LAB:yeasts was around 1:100, hence the inverse of the ratio usually found. From MRS and WL Nutrient plates, 77 LAB and 58 yeast colonies were randomly selected among the isolates with different colony morphologies, in order to proceed with a genotypic characterization.
For all LAB isolates, the 16S rRNA gene amplicon was amplified and subjected to restriction analysis using the AluI, HaeIII, and HinfI enzymes. AluI produced five different ARDRA profiles arbitrarily identified as Ia, IIa, IIIa, IVa and Va, of which around 33% of LAB showed the profile Ia, around 47% showed the profile IIa, around 9% showed the profile IIIa, around 9% showed the profile IVa, and around 2% showed the profile Va (Figure 2a ). HinfI produced three different ARDRA profiles arbitrarily identified as Ib, IIb, and IIIb, of which around 69% of LAB showed the profile Ib, around 26% with the profile IIb, and around 5% with the profile IIIb ( Figure 2b ). HaeIII produced four different ARDRA profiles arbitrarily identified as Ic, IIc, IIIc, and IVc, of which around 37% of LAB showed the profile Ic, around 19% showed the profile IIc, around 40% showed the profile IIIc, and around 4% showed the profile IVc (Figure 2c ). Combining the restriction profiles obtained from the three different restriction enzymes and comparing them for all isolates, all LAB isolates were grouped in eighteen different clusters ( Figures  3 and 4 ). Thus, five isolates, randomly selected from each cluster (where the cluster included fewer than five members, the available number of isolates was analyzed), were subjected to 16S rRNA gene sequence analysis. The molecular identification at species level revealed the occurrence of L. plantarum (around 43% of all bacterial isolates) as the dominant LAB species in all the different sourdough samples, in agreement with previous works reporting this species as the most widespread microorganism in sourdoughs [24] . The other isolates were identified as Lactobacillus sunkij (around 14% of bacterial isolates), Lactobacillus parabuchneri (around 14% of bacterial isolates), Pediococcus pentosaceus (around 14% of bacterial isolates), and Lactobacillus brevis (around 15% of bacterial isolates) (Table S1 ).
For yeasts, 58 isolates were molecularly identified by amplifying a target gene sequence susceptible to discriminating S. cerevisiae from other than S. cerevisiae yeast. Around 57% of the total isolates were presumably identified as Saccharomyces and grouped in a separate cluster. Five of the aforementioned isolates, presumably S. cerevisiae, and the remaining isolates were subjected to amplification of the ITS regions and restriction analysis using the HinfI and HaeIII enzymes. HinfI produced seven different restriction profiles arbitrarily identified as Ia, IIa, IIIa, IVa, Va, VIa, and VIIa, of which around 18% of yeasts showed the profile Ia, around 6% showed the profile IIa, around 12% showed the profile IIIa, around 47% showed the profile IVa, around 6% showed the profile Va, around 6% showed the profile VIa, and around 5% showed the profile VIIa (data not shown). HaeIII produced six different restriction profiles arbitrarily identified as Ib, IIb, IIIb, IVb, Vb, and VIb, comprising around 19% of yeasts in the profile Ib, around 13% in the profile IIb, around 50% in the profile IIIb, around 6% in the profile IVb, around 6% in the profile Vb, and around 6% in the profile VIb (data not shown). Combining the two restriction profiles obtained using the restriction enzymes, all isolates were compared and grouped in clusters according to the similarity of restriction profiles. Eight clusters were found and ITS amplicons from each cluster were subjected to sequence analysis. The molecular identification at species level revealed the occurrence of S. cerevisiae (around 70% of the total isolates, with an identity of around 95%) as the dominant yeast species in all the different sourdough samples, while the other isolates were identified as Candida humilis (around 17%, with an identity of around 90%) and Saccharomyces exiguous (around 13%, with an identity of around 80%) (data not shown). Altogether, these findings are in agreement with other studies on the microbial characterization of the Italian sourdough ecosystem where S. cerevisiae was identified as the prevalent yeast species [25] . However, apart from the S. cerevisiae species, other species such as C. humilis and S. exiguous, but also Candida krusei, Pichia anomala, Saturnispora saitoi, Saccharomyces delbrueckii, Candida famata, and Pichia membranifaciens, Candida lambica, Candida valida and Candida glabrata may be also identified [2, 26, 27] .
Antifungal Activity of Bacterial Isolates
LAB isolates from sourdough samples were screened for their antifungal activity against six molds belonging to the species A. niger, A. flavus, F. culmorum, P. roqueforti, P. expansum, and P. chrysogenum. These molds were chosen for the reason of spoilage potential in a wide range of food matrices, including bread and bakery goods, and for their potential to produce mycotoxins. In fact, filamentous fungi can be a microbiological hazard for consumer health and an economic problem for the food industry [28, 29] . Many LAB are able to be highly active towards several fungal species and the possibility of exploiting these bioprotective capabilities has been considered in the food industry in order to increase shelf life [21, 30, 31] . The antifungal activity of LAB could be due to different factors, including a direct competition for growth substrates or, indirectly, by producing active antagonistic metabolites, such as organic acids, e.g., lactic, acetic, and phenyllactic acids [32, 33] , which have been shown to have synergistic effects [33, 34] .
In this work, on the basis of the inhibition halo ( Figure 5 ), the LAB isolates were classified into three different groups with no, mild, or strong antifungal ability, respectively ( Table 5) . P. roqueforti, P. chrysogenum, and P. expansum were the most resistant fungal strains since the tested LAB isolates were unable to inhibit their growth. Conversely, the growth of A. flavus was strongly affected by several isolates, e.g., the isolate B07 showed an inhibiting alone of 11 mm, while the isolates A11, A21, A22, and B09 were able to contrast the mold by showing an inhibiting alone of 10 mm. Overall, A. niger and F. culmorum were mildly inhibited by numerous isolates. In detail, the isolate E05 showed an inhibiting alone of 11 mm and the isolates C02, D03, and D08 showed an inhibiting alone of 9 mm against A. niger, while the isolate F02 was able to contrast the growth of F. culmorum showing an inhibiting alone of 13 mm. 
Antifungal Activity on Bread Making by Sourdough Preparation Using Microbial Isolates
On the basis of the previous results, ten LAB isolates were chosen to be used in subsequent bread-making trials. The criterion for choosing these 10 strains was to select the isolates which were able to inhibit at least three molds and which belonged to different species according to the microbial characterization. Sourdough loaves of bread were made using sourdoughs containing mixed cultures of the yeast S. cerevisiae with 10 chosen LAB isolates in i) dual and ii) increasing biodiversity combinations. Bread made only with the S. cerevisiae strain was also produced as the control trial (control without LAB strain), in order to understand the contributions of the different LAB on the antifungal activity. The loaves of bread were then artificially contaminated with the filamentous fungi A. niger, A. flavus, F. culmorum, P. roqueforti, P. expansum, and P. chrysogenum, packed in bags with standard features for all samples, and the growth of all fungi was monitored over time. After 28 days of shelf life, the presence or the absence of fungal mycelium was visually verified. Overall, the observed results indicated a longer shelf life in bread fermented with sourdough inoculated with LAB, as the fungi were strongly inhibited ( Figures 6-17) . Moreover, the increase of the microbial complexity of the sourdough corresponded to an enhanced antifungal action.
Specifically, the best results were achieved when sourdough was made with microbial combinations containing more than five LAB isolates. In particular, while the presence of a single LAB isolate determined, in most of the cases, the inhibition of A. flavus mycelium, breads obtained with sourdough inoculated with the dual combination of S. cerevisiae and the isolates A09, A21, B01, D08, E05, and F07 extended the shelf life more than 28 days. In contrast, the fungal strain was apparently unaffected by the dual combination of S. cerevisiae and the isolates D11, A10, C02, and B07 ( Figure 6 ).
Figure 6.
Examples of bread made from sourdoughs inoculated with the isolates A09 and B07, and then artificially contaminated with Aspergillus flavus and incubated at room temperature for 7, 14, 21, and 28 days.
As the biodiversity of the LAB inoculum into the sourdough increased (e.g., combinations of C1, C2, C3, C4, and C5), no mycelium was found on the surfaces of the slices of bread up to 28 days (Figure 7 ).
Figure 7.
Examples of bread made from sourdoughs inoculated with the combination of isolates C2, C6, and C9, and then artificially contaminated with A. flavus and incubated at room temperature for 7, 14, 21, and 28 days.
When loaves of bread were contaminated with the A. niger species, bread made with sourdough obtained with the dual combination S. cerevisiae and single isolates did not have any inhibitory effects on mycelium growth (Figure 8 ). Interestingly, also in this case, the increased biodiversity due to a combination of S. cerevisiae and LAB isolates (C1, C2, C3, C4, and C5) showed an increasing inhibiting activity against fungal growth (Figure 9 ).
Figure 9.
Examples of bread made from sourdoughs inoculated with the combination of isolates C1, C4, C5, and C7, and then artificially contaminated with Aspergillus niger and incubated at room temperature for 7, 14, 21, and 28 days.
The same inhibitory results were observed when slices of bread were contaminated with the F. culmorum species (Figure 10 and Figure 11 ). Figure 10 . Examples of bread made from sourdoughs inoculated with the dual combination of isolates A10 and E05, and then artificially contaminated with Fusarium culmorum and incubated at room temperature for 7, 14, 21, and 28 days. Figure 11 . Examples of bread made from sourdoughs inoculated with the combination of isolates C2, C8, and C9, and then artificially contaminated with Fusarium culmorum and incubated at room temperature for 7, 14, 21, and 28 days.
Regarding the species P. chrysogenum, P. expansum, and P. roqueforti, that were, in vitro, unaffected by LAB isolates (halo plate experiment, please see above), the surface of bread contaminated with the aforementioned filamentous fungi was totally covered by mycelium when the bread was made using the dual combination S. cerevisiae and single LAB isolates. Interestingly, as the microbial biodiversity increased (i.e., combination C1, C2, and C3), the ability of fungal growth and development decreased considerably (up to a maximum 14 days of shelf life) (Figures 12-17 ). Filamentous fungi contamination remains a major threat to the grain market. Food losses due to fungal deterioration are difficult to estimate [35] . However, the contamination of bakery goods normally occurs after cooking and storage, especially when the end product is subjected to cutting and packaging because cutting surfaces are an ideal fungal growth substrate and packaging prevents loss of moisture [36] . Some of the most widely used strategies to inhibit and/or reduce the mold growth and, thus, extend the shelf life, are physical and chemical actions [37] . However, several studies in the field of plant protection aim to reduce and/or replace pesticides with environmentally acceptable biological preparations, highlighting the high potential, inexpensiveness, and renewability features of the use of microbial metabolites such as bactericidal, fungicidal, and nematodocidal agents [38, 39] . Here, we provide new insights into the biological control of fungal spoilage. Among the future perspectives, we might envisage further studies on the sensory impact of the tested bacteria [40, 41] , the possible additional biotechnological exploitation in bread (e.g., improving nutritional and functional properties) [42, 43] , and the necessary supplementary investigations to elucidate the biological mechanisms behind the antifungal activities [44, 45] .
Conclusions
In this work, we aim to investigate the microbial biodiversity of sourdough collected from the Apulian region (southern Italy), where the tradition of using sourdough instead of industrial starter to make bread is strongly recommended in bakeries, most of which are family-run. Moreover, we have been able to select LAB strains useful for improving shelf life and inhibiting fungal contaminants [21] .
In terms of biocontrol potential, our study indicates that, beyond the application of a single antagonistic lactic acid bacteria, the association between different LAB strains represents a great resource in order to inhibit fungal contamination [46] [47] [48] . Thus, moving toward a green food industry, advantageous interactions within the microbial starter culture could help in preventing the growth of spoilage organisms, resulting in a longer shelf life [13, 14, [49] [50] [51] . 
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